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It is a general belief that all fundamental interactions need to be quantized. However, all attempts
to develop a quantum theory of gravity presented various problems, leading to a recent active debate
about how to probe its quantum nature. In the present work we provide a proof for the necessity
of quantizing fundamental interactions demonstrating that a quantum version is needed for any
non trivial conservative interaction whose strength is a function of the relative distance between
two objects. Our proof is based on a consistency argument that in the presence of a classical field
two interacting objects in a separable state could not develop entanglement. This requirement
can be cast in the form of a holonomic constraint that cannot be satisfied by generic interparticle
potentials. Extending this picture of local holonomic constraints, we design a protocol that allows
to measure the terms of a multipole expansion of the interaction of two composite bodies. The
results presented in this work can pave the way for a study of fundamental interactions based on
the analysis of entanglement properties.
PACS numbers: 04.60.-m, 03.65.Ud, 03.70.+k
More than a century after its birth, quantum mechan-
ics is considered one of the physical theories that received
greatest experimental confirmation. It presents several
aspects such as its intrinsically non-deterministic nature
as well as quantum entanglement, that do not have classi-
cal counterpart [1, 2]. Thus, to provide a coherent picture
of empirical evidence, great efforts were made to develop
quantum versions of known classical theories, as for elec-
tromagnetism. Nowadays, electroweak and strong inter-
actions, each one characterized by its own gauge group
and force mediators, are elegantly described within the
Standard Model of particle physics [3–6].
Differently from the other forces, the quantization pro-
cess of the gravity still presents several problems. Even if
different theories were developed [8], including loop quan-
tum gravity [9, 10] and string theory [11], all of them
are affected by some kind of problems [12–14] and, up
to now, a widely accepted quantum theory of gravity is
still missing. A large debate rose about the fact that a
quantum version of gravity is really needed or if, on the
contrary, it must be considered an intrinsically classic in-
teraction [15–20]. Over the last year this discussion has
been brightened by the publication of two independent
works [21, 22]. The authors of these papers suggest to
use entanglement [2, 23], a quantity that is playing an
ever-increasing role in very different fields ranging from
metrology [24, 25] to quantum many-body systems [26–
29], to test the quantum nature of gravity experimentally.
The key point of their proposal is that, if an interaction
is intrinsically classical, and hence its evolution can be
described by a Koopman-type dynamics [30], it would
not be able to generate entanglement between two mas-
sive objects. Indeed, from the point of view of quantum
information theory, a classical field is equivalent to a clas-
sical channel that is unable to increase the entanglement
between two system at its end-points [31]. Therefore any
evidence of entanglement between the two objects, gen-
erated by gravity, would be the smoking gun of its quan-
tum nature. Such entanglement does not provide any
information about the right quantum theory. However it
would prove that quantization of gravity is necessary to
explain consistently the whole phenomenology associated
with the experiments [32–34].
In this letter, we present a general argument that al-
lows us to prove that theories aiming to describe any
fundamental interaction, including gravity, need to be
quantized. We use the fact that the effective interpar-
ticle potential of a conservative interaction depends on
the relative distance between two objects but not on the
derivative of any order of such a distance with respect to
time. We show that the request that it does not create
entanglement is equivalent to impose a holonomic con-
straint that cannot be satisfied for a generic setup. To
enforce the consistency of the theory, we are then led to
conclude that such interaction presents a quantum na-
ture. Inspired by the discussion of the holonomic con-
straint, we propose a generalized spin-echo scheme [35]
to measure subleading terms in a multipole expansion of
the interparticle potential. This interferometric measure-
ment is based on the efficient suppression of the phases
of the dominant terms.
The physical system which we consider in work is rep-
resented schematically in Fig. 1. Two physical objects,
named A and B can be found in two different spatially
separated internal states labeled 1 and 2. We assume
that the interaction between the two bodies is mediated,
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2over the distance, by a conservative force field whose
classical or quantum nature is the subject of our anal-
ysis. Differently from all others physical characteristics,
such as mass, charge, flavor etc. that we assume time-
independent, the relative distances between the different
states of A and B can be a function of time. The rea-
son to consider spatially separated states is to create a
state-dependent interaction. More general implementa-
tions of potentials depending on the internal states will
be considered below.
For the setup of Fig. 1 the Hamiltonian of the system
reads
Hˆ = f(d1,1(t))|1, 1〉〈1, 1|+ f(d1,2(t))|1, 2〉〈1, 2|
+ f(d2,1(t))|2, 1〉〈2, 1|+ f(d2,2(t))|2, 2〉〈2, 2| . (1)
Here f stands for the interaction energy that is a real
function of the distance dα,β(t) that depends on the state
|α, β〉 of the first A (α) and of the second B (β) object
as well as on time t. Defining, for each single object, the
operators σzi = |1i〉〈1i| − |2i〉〈2i| we have that the Hamil-
tonian in eq. (1) can be rewritten as
Hˆ=g11A⊗1B+g2σzA⊗1B+g31A⊗σzB+g4σzA⊗σzB ;
Hˆ=
∑
i
giHˆi , (2)
where 1α is the identity operator on the physical object α
and the coefficient gj are linear combinations of f(dα,β).
Let us now consider that, at t = 0, our system is in a
state that is a tensor product of two states, each one of
them defined on a single object. Each one of these two
states is a linear superposition c
(1)
α |1α〉 + c(2)α |2α〉, α =
A,B. For sake of simplicity we assume, in both cases,
that the linear superposition is symmetric and real, i.e.
|ψi(0)〉 = 1√2 (|1i〉+ |2i〉) and |Ψ(0)〉 = |ψA(0)〉⊗ |ψB(0)〉.
The initial state |Ψ(0)〉 evolves dynamically as |Ψ(t)〉 =
Uˆ(t) |Ψ(0)〉, where Uˆ(t) = exp(−ıHˆt) is the time evolu-
tion operator and Hˆ is defined in Eq. (2). Since the
Hamiltonian is the sum of a commuting set of opera-
tors, Uˆ(t) can be factorized into the product of four uni-
tary operators each one depending on one single term
of the Hamiltonian, i.e. Uˆ(t) =
∏
i Uˆi(t) where Uˆi(t) =
exp(−ıgiHˆit).
It is easy to see that the rise of the entanglement
in the system depends only on the action of Uˆ4(t). In
fact, Uˆ1(t) is proportional to the identity operator and
hence it contributes to the evolution only with a global
phase factor. On the other hand Uˆ2(t) and Uˆ3(t), being
Hˆ2 = σ
z
A⊗ 1B and Hˆ3 = 1A⊗ σzB , act as local operators
and hence are unable to create entanglement. Therefore
if entanglement between A and B is present it has to
be related to the action of Uˆ4(t) = exp(−ıg4t σzA ⊗ σzB).
Hence, for what concerns the entanglement properties,
the state |Ψ(t)〉 = Uˆ(t) |Ψ(0)〉 is equivalent to the state
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2
<latexit sha1_base64="bGronyvkxiOrftIdMcDlRYPusyM=">AAAB6HicbVBNS8 NAEJ3Ur1q/qh69LBbBU0mKoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CN gktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWRuUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSR grW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSrlU9t+o1ryr12zyOIpzBOVyCB9dQh3toQAsYI DzDK7w5j86L8+58LFsLTj5zCn/gfP4AfCGMtg==</latexit><latexit sha1_base64="bGronyvkxiOrftIdMcDlRYPusyM=">AAAB6HicbVBNS8 NAEJ3Ur1q/qh69LBbBU0mKoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CN gktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWRuUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSR grW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSrlU9t+o1ryr12zyOIpzBOVyCB9dQh3toQAsYI DzDK7w5j86L8+58LFsLTj5zCn/gfP4AfCGMtg==</latexit><latexit sha1_base64="bGronyvkxiOrftIdMcDlRYPusyM=">AAAB6HicbVBNS8 NAEJ3Ur1q/qh69LBbBU0mKoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CN gktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWRuUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSR grW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSrlU9t+o1ryr12zyOIpzBOVyCB9dQh3toQAsYI DzDK7w5j86L8+58LFsLTj5zCn/gfP4AfCGMtg==</latexit><latexit sha1_base64="bGronyvkxiOrftIdMcDlRYPusyM=">AAAB6HicbVBNS8 NAEJ3Ur1q/qh69LBbBU0mKoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CN gktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWRuUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSR grW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSrlU9t+o1ryr12zyOIpzBOVyCB9dQh3toQAsYI DzDK7w5j86L8+58LFsLTj5zCn/gfP4AfCGMtg==</latexit>
d1,1
<latexit sha1_base64="q/+IOhN87nEIOPi4dd4hlnlG1Gk=">AAAB7nicbVBNSwMxEJ3Ur1 q/qh69BIvgQcpGBD0WvXisYD+gXUo2m21Ds9klyQpl6Y/w4kERr/4eb/4b03YP2vpg4PHeDDPzglQKYz3vG5XW1jc2t8rblZ3dvf2D6uFR2ySZZrzFEpnobkANl0LxlhVW8m6qOY0DyTvB+G7md5 64NiJRj3aScj+mQyUiwah1Uicc5OSCTAfVmlf35sCrhBSkBgWag+pXP0xYFnNlmaTG9IiXWj+n2gom+bTSzwxPKRvTIe85qmjMjZ/Pz53iM6eEOEq0K2XxXP09kdPYmEkcuM6Y2pFZ9mbif14vs9 GNnwuVZpYrtlgUZRLbBM9+x6HQnFk5cYQyLdytmI2opsy6hCouBLL88ippX9aJVycPV7XGbRFHGU7gFM6BwDU04B6a0AIGY3iGV3hDKXpB7+hj0VpCxcwx/AH6/AGL6o8J</latexit><latexit sha1_base64="q/+IOhN87nEIOPi4dd4hlnlG1Gk=">AAAB7nicbVBNSwMxEJ3Ur1 q/qh69BIvgQcpGBD0WvXisYD+gXUo2m21Ds9klyQpl6Y/w4kERr/4eb/4b03YP2vpg4PHeDDPzglQKYz3vG5XW1jc2t8rblZ3dvf2D6uFR2ySZZrzFEpnobkANl0LxlhVW8m6qOY0DyTvB+G7md5 64NiJRj3aScj+mQyUiwah1Uicc5OSCTAfVmlf35sCrhBSkBgWag+pXP0xYFnNlmaTG9IiXWj+n2gom+bTSzwxPKRvTIe85qmjMjZ/Pz53iM6eEOEq0K2XxXP09kdPYmEkcuM6Y2pFZ9mbif14vs9 GNnwuVZpYrtlgUZRLbBM9+x6HQnFk5cYQyLdytmI2opsy6hCouBLL88ippX9aJVycPV7XGbRFHGU7gFM6BwDU04B6a0AIGY3iGV3hDKXpB7+hj0VpCxcwx/AH6/AGL6o8J</latexit><latexit sha1_base64="q/+IOhN87nEIOPi4dd4hlnlG1Gk=">AAAB7nicbVBNSwMxEJ3Ur1 q/qh69BIvgQcpGBD0WvXisYD+gXUo2m21Ds9klyQpl6Y/w4kERr/4eb/4b03YP2vpg4PHeDDPzglQKYz3vG5XW1jc2t8rblZ3dvf2D6uFR2ySZZrzFEpnobkANl0LxlhVW8m6qOY0DyTvB+G7md5 64NiJRj3aScj+mQyUiwah1Uicc5OSCTAfVmlf35sCrhBSkBgWag+pXP0xYFnNlmaTG9IiXWj+n2gom+bTSzwxPKRvTIe85qmjMjZ/Pz53iM6eEOEq0K2XxXP09kdPYmEkcuM6Y2pFZ9mbif14vs9 GNnwuVZpYrtlgUZRLbBM9+x6HQnFk5cYQyLdytmI2opsy6hCouBLL88ippX9aJVycPV7XGbRFHGU7gFM6BwDU04B6a0AIGY3iGV3hDKXpB7+hj0VpCxcwx/AH6/AGL6o8J</latexit><latexit sha1_base64="q/+IOhN87nEIOPi4dd4hlnlG1Gk=">AAAB7nicbVBNSwMxEJ3Ur1 q/qh69BIvgQcpGBD0WvXisYD+gXUo2m21Ds9klyQpl6Y/w4kERr/4eb/4b03YP2vpg4PHeDDPzglQKYz3vG5XW1jc2t8rblZ3dvf2D6uFR2ySZZrzFEpnobkANl0LxlhVW8m6qOY0DyTvB+G7md5 64NiJRj3aScj+mQyUiwah1Uicc5OSCTAfVmlf35sCrhBSkBgWag+pXP0xYFnNlmaTG9IiXWj+n2gom+bTSzwxPKRvTIe85qmjMjZ/Pz53iM6eEOEq0K2XxXP09kdPYmEkcuM6Y2pFZ9mbif14vs9 GNnwuVZpYrtlgUZRLbBM9+x6HQnFk5cYQyLdytmI2opsy6hCouBLL88ippX9aJVycPV7XGbRFHGU7gFM6BwDU04B6a0AIGY3iGV3hDKXpB7+hj0VpCxcwx/AH6/AGL6o8J</latexit>
d1,2<latexit sha1_base64="3ab27gpWCiuqFYP/36aelnk1YyA=">AAAB7nicbVBNS8NAEJ34WetX1aO XxSJ4kJIUQY9FLx4r2A9oQ9lsNu3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJXCoOt+O2vrG5tb26Wd8u7e/sFh5ei4bZJMM95iiUx0N6CGS6F4CwVK3k01p3EgeScY3838zhPXRiTqEScp92M6 VCISjKKVOuEg9y7r00Gl6tbcOcgq8QpShQLNQeWrHyYsi7lCJqkxPc9N0c+pRsEkn5b7meEpZWM65D1LFY258fP5uVNybpWQRIm2pZDM1d8TOY2NmcSB7YwpjsyyNxP/83oZRjd+LlSaIVdssSjKJMGEzH4n odCcoZxYQpkW9lbCRlRThjahsg3BW355lbTrNc+teQ9X1cZtEUcJTuEMLsCDa2jAPTShBQzG8Ayv8Oakzovz7nwsWtecYuYE/sD5/AGNb48K</latexit><latexit sha1_base64="3ab27gpWCiuqFYP/36aelnk1YyA=">AAAB7nicbVBNS8NAEJ34WetX1aO XxSJ4kJIUQY9FLx4r2A9oQ9lsNu3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJXCoOt+O2vrG5tb26Wd8u7e/sFh5ei4bZJMM95iiUx0N6CGS6F4CwVK3k01p3EgeScY3838zhPXRiTqEScp92M6 VCISjKKVOuEg9y7r00Gl6tbcOcgq8QpShQLNQeWrHyYsi7lCJqkxPc9N0c+pRsEkn5b7meEpZWM65D1LFY258fP5uVNybpWQRIm2pZDM1d8TOY2NmcSB7YwpjsyyNxP/83oZRjd+LlSaIVdssSjKJMGEzH4n odCcoZxYQpkW9lbCRlRThjahsg3BW355lbTrNc+teQ9X1cZtEUcJTuEMLsCDa2jAPTShBQzG8Ayv8Oakzovz7nwsWtecYuYE/sD5/AGNb48K</latexit><latexit sha1_base64="3ab27gpWCiuqFYP/36aelnk1YyA=">AAAB7nicbVBNS8NAEJ34WetX1aO XxSJ4kJIUQY9FLx4r2A9oQ9lsNu3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJXCoOt+O2vrG5tb26Wd8u7e/sFh5ei4bZJMM95iiUx0N6CGS6F4CwVK3k01p3EgeScY3838zhPXRiTqEScp92M6 VCISjKKVOuEg9y7r00Gl6tbcOcgq8QpShQLNQeWrHyYsi7lCJqkxPc9N0c+pRsEkn5b7meEpZWM65D1LFY258fP5uVNybpWQRIm2pZDM1d8TOY2NmcSB7YwpjsyyNxP/83oZRjd+LlSaIVdssSjKJMGEzH4n odCcoZxYQpkW9lbCRlRThjahsg3BW355lbTrNc+teQ9X1cZtEUcJTuEMLsCDa2jAPTShBQzG8Ayv8Oakzovz7nwsWtecYuYE/sD5/AGNb48K</latexit><latexit sha1_base64="3ab27gpWCiuqFYP/36aelnk1YyA=">AAAB7nicbVBNS8NAEJ34WetX1aO XxSJ4kJIUQY9FLx4r2A9oQ9lsNu3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJXCoOt+O2vrG5tb26Wd8u7e/sFh5ei4bZJMM95iiUx0N6CGS6F4CwVK3k01p3EgeScY3838zhPXRiTqEScp92M6 VCISjKKVOuEg9y7r00Gl6tbcOcgq8QpShQLNQeWrHyYsi7lCJqkxPc9N0c+pRsEkn5b7meEpZWM65D1LFY258fP5uVNybpWQRIm2pZDM1d8TOY2NmcSB7YwpjsyyNxP/83oZRjd+LlSaIVdssSjKJMGEzH4n odCcoZxYQpkW9lbCRlRThjahsg3BW355lbTrNc+teQ9X1cZtEUcJTuEMLsCDa2jAPTShBQzG8Ayv8Oakzovz7nwsWtecYuYE/sD5/AGNb48K</latexit>
d2,2
<latexit sha1_base64="K26ZGsEsw3xAAT7suAHeu29ovEE=">AAAB7nicbVBNS8NAEJ34Wet X1aOXxSJ4kJIUQY9FLx4r2A9oQ9lsNu3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJXCoOt+O2vrG5tb26Wd8u7e/sFh5ei4bZJMM95iiUx0N6CGS6F4CwVK3k01p3EgeScY3838zhP XRiTqEScp92M6VCISjKKVOuEgr1/Wp4NK1a25c5BV4hWkCgWag8pXP0xYFnOFTFJjep6bop9TjYJJPi33M8NTysZ0yHuWKhpz4+fzc6fk3CohiRJtSyGZq78nchobM4kD2xlTHJllbyb+5/UyjG7 8XKg0Q67YYlGUSYIJmf1OQqE5QzmxhDIt7K2EjaimDG1CZRuCt/zyKmnXa55b8x6uqo3bIo4SnMIZXIAH19CAe2hCCxiM4Rle4c1JnRfn3flYtK45xcwJ/IHz+QOO9o8L</latexit><latexit sha1_base64="K26ZGsEsw3xAAT7suAHeu29ovEE=">AAAB7nicbVBNS8NAEJ34Wet X1aOXxSJ4kJIUQY9FLx4r2A9oQ9lsNu3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJXCoOt+O2vrG5tb26Wd8u7e/sFh5ei4bZJMM95iiUx0N6CGS6F4CwVK3k01p3EgeScY3838zhP XRiTqEScp92M6VCISjKKVOuEgr1/Wp4NK1a25c5BV4hWkCgWag8pXP0xYFnOFTFJjep6bop9TjYJJPi33M8NTysZ0yHuWKhpz4+fzc6fk3CohiRJtSyGZq78nchobM4kD2xlTHJllbyb+5/UyjG7 8XKg0Q67YYlGUSYIJmf1OQqE5QzmxhDIt7K2EjaimDG1CZRuCt/zyKmnXa55b8x6uqo3bIo4SnMIZXIAH19CAe2hCCxiM4Rle4c1JnRfn3flYtK45xcwJ/IHz+QOO9o8L</latexit><latexit sha1_base64="K26ZGsEsw3xAAT7suAHeu29ovEE=">AAAB7nicbVBNS8NAEJ34Wet X1aOXxSJ4kJIUQY9FLx4r2A9oQ9lsNu3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJXCoOt+O2vrG5tb26Wd8u7e/sFh5ei4bZJMM95iiUx0N6CGS6F4CwVK3k01p3EgeScY3838zhP XRiTqEScp92M6VCISjKKVOuEgr1/Wp4NK1a25c5BV4hWkCgWag8pXP0xYFnOFTFJjep6bop9TjYJJPi33M8NTysZ0yHuWKhpz4+fzc6fk3CohiRJtSyGZq78nchobM4kD2xlTHJllbyb+5/UyjG7 8XKg0Q67YYlGUSYIJmf1OQqE5QzmxhDIt7K2EjaimDG1CZRuCt/zyKmnXa55b8x6uqo3bIo4SnMIZXIAH19CAe2hCCxiM4Rle4c1JnRfn3flYtK45xcwJ/IHz+QOO9o8L</latexit><latexit sha1_base64="K26ZGsEsw3xAAT7suAHeu29ovEE=">AAAB7nicbVBNS8NAEJ34Wet X1aOXxSJ4kJIUQY9FLx4r2A9oQ9lsNu3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJXCoOt+O2vrG5tb26Wd8u7e/sFh5ei4bZJMM95iiUx0N6CGS6F4CwVK3k01p3EgeScY3838zhP XRiTqEScp92M6VCISjKKVOuEgr1/Wp4NK1a25c5BV4hWkCgWag8pXP0xYFnOFTFJjep6bop9TjYJJPi33M8NTysZ0yHuWKhpz4+fzc6fk3CohiRJtSyGZq78nchobM4kD2xlTHJllbyb+5/UyjG7 8XKg0Q67YYlGUSYIJmf1OQqE5QzmxhDIt7K2EjaimDG1CZRuCt/zyKmnXa55b8x6uqo3bIo4SnMIZXIAH19CAe2hCCxiM4Rle4c1JnRfn3flYtK45xcwJ/IHz+QOO9o8L</latexit>
d2,1
<latexit sha1_base64="M22d3TzBa2rNvKYft8/2RvlVYLg=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ 4kJIUQY9FLx4r2A9oQ9lsNu3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJXCoOt+O2vrG5tb26Wd8u7e/sFh5ei4bZJMM95iiUx0N6CGS6F4CwVK3k01p3EgeScY3838zhPXRiTqEScp92M6VCISjKKVOuEgr 19600Gl6tbcOcgq8QpShQLNQeWrHyYsi7lCJqkxPc9N0c+pRsEkn5b7meEpZWM65D1LFY258fP5uVNybpWQRIm2pZDM1d8TOY2NmcSB7YwpjsyyNxP/83oZRjd+LlSaIVdssSjKJMGEzH4nodCcoZxYQpkW9lbCRlRThj ahsg3BW355lbTrNc+teQ9X1cZtEUcJTuEMLsCDa2jAPTShBQzG8Ayv8Oakzovz7nwsWtecYuYE/sD5/AGNcY8K</latexit><latexit sha1_base64="M22d3TzBa2rNvKYft8/2RvlVYLg=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ 4kJIUQY9FLx4r2A9oQ9lsNu3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJXCoOt+O2vrG5tb26Wd8u7e/sFh5ei4bZJMM95iiUx0N6CGS6F4CwVK3k01p3EgeScY3838zhPXRiTqEScp92M6VCISjKKVOuEgr 19600Gl6tbcOcgq8QpShQLNQeWrHyYsi7lCJqkxPc9N0c+pRsEkn5b7meEpZWM65D1LFY258fP5uVNybpWQRIm2pZDM1d8TOY2NmcSB7YwpjsyyNxP/83oZRjd+LlSaIVdssSjKJMGEzH4nodCcoZxYQpkW9lbCRlRThj ahsg3BW355lbTrNc+teQ9X1cZtEUcJTuEMLsCDa2jAPTShBQzG8Ayv8Oakzovz7nwsWtecYuYE/sD5/AGNcY8K</latexit><latexit sha1_base64="M22d3TzBa2rNvKYft8/2RvlVYLg=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ 4kJIUQY9FLx4r2A9oQ9lsNu3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJXCoOt+O2vrG5tb26Wd8u7e/sFh5ei4bZJMM95iiUx0N6CGS6F4CwVK3k01p3EgeScY3838zhPXRiTqEScp92M6VCISjKKVOuEgr 19600Gl6tbcOcgq8QpShQLNQeWrHyYsi7lCJqkxPc9N0c+pRsEkn5b7meEpZWM65D1LFY258fP5uVNybpWQRIm2pZDM1d8TOY2NmcSB7YwpjsyyNxP/83oZRjd+LlSaIVdssSjKJMGEzH4nodCcoZxYQpkW9lbCRlRThj ahsg3BW355lbTrNc+teQ9X1cZtEUcJTuEMLsCDa2jAPTShBQzG8Ayv8Oakzovz7nwsWtecYuYE/sD5/AGNcY8K</latexit><latexit sha1_base64="M22d3TzBa2rNvKYft8/2RvlVYLg=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ 4kJIUQY9FLx4r2A9oQ9lsNu3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJXCoOt+O2vrG5tb26Wd8u7e/sFh5ei4bZJMM95iiUx0N6CGS6F4CwVK3k01p3EgeScY3838zhPXRiTqEScp92M6VCISjKKVOuEgr 19600Gl6tbcOcgq8QpShQLNQeWrHyYsi7lCJqkxPc9N0c+pRsEkn5b7meEpZWM65D1LFY258fP5uVNybpWQRIm2pZDM1d8TOY2NmcSB7YwpjsyyNxP/83oZRjd+LlSaIVdssSjKJMGEzH4nodCcoZxYQpkW9lbCRlRThj ahsg3BW355lbTrNc+teQ9X1cZtEUcJTuEMLsCDa2jAPTShBQzG8Ayv8Oakzovz7nwsWtecYuYE/sD5/AGNcY8K</latexit>
1
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Figure 1: Sketch of the scheme used in the letter. Two sys-
tems A and B, represented by the two ellipses, can be in
two spatially separate states, named 1 and 2 represented by
two gray circles. The interaction between the two systems is
function of the distance, and since it depends on the states
occupied by the two systems, the interaction also becomes
dependent on the state of the composite system.
Uˆ4(t) |Ψ(0)〉 that is
Uˆ4(t)|Ψ(0)〉=e
−ıφ
2
(
e2ıφ|1,1〉+|1,2〉+|2,1〉+e2ıφ|2,2〉) , (3)
where the phase φ is given by
φ =
∫ t
0
g4(τ)dτ (4)
=
∫ t
0
[f(d1,1(τ))+f(d2,2(τ))−f(d1,2(τ))−f(d2,1(τ))]dτ.
For a state described by Eq. (3) the entanglement can
be quantified by the concurrence C [42, 43]. In this spe-
cific case it equals C = | sin(2φ)|. However, in agreement
with well-known quantum information results [2, 31], and
the conclusions of Ref. [22] for a Koopman-type dynam-
ics [30], an intrinsically classical interaction cannot gen-
erate entanglement. Hence, in the case of a classic inter-
action, we must have that C = 0 for all possible set of the
parameters of the system. Since both the time-dependent
distances and the integration time are arbitrary, to ensure
that Uˆ4(t) |Ψ(0)〉 remains separable for any time t > 0,
we have to require that the function inside the integral
in Eq. (4) must vanish for all possible sets of distances,
i.e.
f(d1,1) + f(d2,2)− f(d1,2)− f(d2,1) = 0. (5)
All the interactions for which at least one physically
achievable setup exists that does not satisfy Eq. (5) can
generate entanglement. Then, a formulation of the fun-
damental theory based on a classical mediating field lead-
ing to the effective nonlocal interaction f(dα,β) would
prove to be inconsistent with entanglement generation.
Eq. (5) was derived within the hypothesis that the inter-
action depends only on the distance ad not on a generic
function of the relative position of the states of the two
3objects. The extension to more general functions is
straightforward.
We are now in the position to prove that eq. (5) is vio-
lated by all non-trivial conservative interactions. Let us
define the vector x in R⊗12 that denotes the four coor-
dinates in real space of the internal states in Fig. 1 and
the function h(x) = f(d1,1) + f(d2,2)− f(d1,2)− f(d2,1).
Eq. (5) can then be rewritten as h(x) = 0. Such condi-
tion, as the interaction is conservative, expresses a holo-
nomic constraint of the corresponding dynamics, as it
depends just on the vector of the coordinates but not
on the velocities or any higher order derivative with re-
spect to time. We name L the set of points x ∈ R⊗12
that satisfy the holonomic constraint. It is immediate
to note that the trivial interaction f(d) = const fulfills
the constraint for all possible configurations and hence
L ≡ R⊗12. Besides, for a generic interaction one has L
is not an empty set. For example, the subset of config-
urations which fulfill d1,1 = d1,2 and d2,1 = d2,2 always
satisfies h(x) = 0. However, for a generic position depen-
dent interaction, we have that L 6≡ R⊗12. Indeed, let us
consider x0 ∈ L and nˆδ a vector of modulus δ and direc-
tion nˆ defined in R⊗12. If the function f(d) is analytic
also h(x) will be analytic and assuming δ small enough
we can write h(x0 + nˆδ) =
∂h
∂nˆ |x=x0δ. But if L ≡ R⊗12,
also x0 + nˆδ should lay in L and, since δ 6= 0 we must
have ∂h∂nˆ |x=x0 = 0 for all nˆ and all x0. This result can be
generalized to derivatives of all orders and, therefore, to
have that L ≡ R⊗12 the interaction potential f(d) must
be constant all over the space. We then conclude that
a non-trivial interaction induces entanglement whenever
x 6∈ L.
As an example we consider an interparticle potential
f(d) = λ d−α where λ is the coupling constant and α the
power-law exponent of the decay of the interaction with
distance. For the gravitational potential in the limit of
weak field and non-relativistic velocities λG = −GmAmB
while, for the Coulomb potential λC = qAqB/4piε0, where
mi and qi are, respectively the masses and the electric
charges of the two objects. In both cases α = 1. Anal-
ogously, realistic atomic, ionic, or molecular potentials
may be cast in a similar form with proper coupling con-
stants and power-law exponents. For sake of simplicity
we choose: 1) the two quantum objects A and B at rest
in the same inertial reference system; 2) the fours states
on the same line; 3) the distance between the two states
of the same object equal to be δx. Accordingly with
these choice we have that the four distances are d1,1 = x,
d2,1 = d1,2 = x + δx, d2,2 = x + 2δx andδx  x. With
this assumption we have that the phase φ(t) varies lin-
early with t and it is given by
φ(t) = λ t
α(α+ 1) δ2x
x2+α
. (6)
The phase in Eq. (6) vanishes only in the trivial case
in which δx = 0, i.e. if the distance between the two
states of the same physical objects goes to zero and the
interaction does not depend on the state anymore.
An experimental test of what we have proven so far can
be realized using levitated diamond nanocrystals with
nitrogen-vacancy (NV) centers in high vacuum as dis-
cussed in [21, 36]. These proposals focussed on the co-
herent superposition of spatially separated states of mas-
sive objects to probe the quantization of the gravitational
field. However, as mentioned above, the basic require-
ment is to generate a state dependent interaction. This
can be achieved even in the absence of spatial separation
of the internal states. For example one can consider par-
ticles in which the internal states are characterized by
different masses, as neutrinos [37]. Alternatively one can
take into account Rydberg atoms in microtraps which
can be optically manipulated with high precision [38].
For such system the two internal states would correspond
to either the ground state and one highly excited Ryd-
berg level or two excited states interacting electromag-
netically [39–41].
In general, when studying the interaction between two
bodies, it is often useful to describe their effective inter-
action potential in terms of a multipole expansion. Each
multipole of the series contains an angular dependence as
well as an inverse power of the distance among a (com-
posite) body and a reference point or another body. This
standard procedure is widely used in problems involving
gravitational systems of masses or electric and magnetic
distributions of charges and currents. The calculation
and measurement of multipole moments to characterize
the interaction potential is relevant to the experimental
setups mentioned above. To this purpose, we propose to
make use of the analysis of the entanglement to estimate
the strength of the subdominant terms of the potential.
As an example we consider a Laurent expansion for
the function f(d), neglecting for simplicity angular de-
pendence of the multipoles,
f(d) =
∑
n
fn(d) =
∑
n
cnd
−n (7)
where each term has a definite power-law dependence on
distance [44]. To increase the signal-to-noise ratio we de-
sign a protocol in a way that the entanglement generated
by the main terms vanishes. Focusing on the n-th term of
the potential, assuming |f (n)(d)||f (n+1)(d)|, and defin-
ing
φ(i)= cn
∫ t
0
[
1
d1,1(t)n
+
1
d2,2(t)n
− 1
d1,2(t)n
− 1
d2,1(t)n
]
dτ,(8)
we have to set
∑n−1
i=1 φ
(i) = 0. We apply this scheme to
the case of the first correction to a potential whose lead-
ing term is f (1)(d) = c1 d
−1. The first subleading term
then reads f (2)(d) = c2 d
−2. We then consider a system
as in Fig. (2): 1) Two identical objects lie on two parallel
planes; 2) The distance between the two internal states
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<latexit sha1_base64="l9eImvYcF OKpzEDji/n9jPDeWb8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF 48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f 9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3 dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJ q3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI6 2kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWws ZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6c R+fFeXc+lq0FJ585hT9wPn8Aep2MtQ==</latexit><latexit sha1_base64="l9eImvYcF OKpzEDji/n9jPDeWb8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF 48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f 9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3 dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJ q3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI6 2kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWws ZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6c R+fFeXc+lq0FJ585hT9wPn8Aep2MtQ==</latexit><latexit sha1_base64="l9eImvYcF OKpzEDji/n9jPDeWb8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF 48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f 9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3 dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJ q3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI6 2kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWws ZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6c R+fFeXc+lq0FJ585hT9wPn8Aep2MtQ==</latexit><latexit sha1_base64="l9eImvYcF OKpzEDji/n9jPDeWb8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF 48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f 9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3 dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJ q3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI6 2kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWws ZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6c R+fFeXc+lq0FJ585hT9wPn8Aep2MtQ==</latexit>
2
<latexit sha1_ba se64="bGronyvkxiOrftIdMcDlRYPusy M=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69 LBbBU0mKoMeiF48t2A9oQ9lsJ+3azSbs boQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3 w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR +fikreNUMWyxWMSqG1CNgktsGW4EdhO FNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CF n1FipWRuUK27VXYCsEy8nFcjRGJS/+sO YpRFKwwTVuue5ifEzqgxnAmelfqoxoWx CR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp 7IqOR1tMosJ0RNWO96s3F/7xeasIbP+ MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe 2thI2poszYbEo2BG/15XXSrlU9t+o1ry r12zyOIpzBOVyCB9dQh3toQAsYIDzDK7 w5j86L8+58LFsLTj5zCn/gfP4AfCGMtg ==</latexit><latexit sha1_ba se64="bGronyvkxiOrftIdMcDlRYPusy M=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69 LBbBU0mKoMeiF48t2A9oQ9lsJ+3azSbs boQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3 w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR +fikreNUMWyxWMSqG1CNgktsGW4EdhO FNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CF n1FipWRuUK27VXYCsEy8nFcjRGJS/+sO YpRFKwwTVuue5ifEzqgxnAmelfqoxoWx CR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp 7IqOR1tMosJ0RNWO96s3F/7xeasIbP+ MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe 2thI2poszYbEo2BG/15XXSrlU9t+o1ry r12zyOIpzBOVyCB9dQh3toQAsYIDzDK7 w5j86L8+58LFsLTj5zCn/gfP4AfCGMtg ==</latexit><latexit sha1_ba se64="bGronyvkxiOrftIdMcDlRYPusy M=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69 LBbBU0mKoMeiF48t2A9oQ9lsJ+3azSbs boQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3 w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR +fikreNUMWyxWMSqG1CNgktsGW4EdhO FNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CF n1FipWRuUK27VXYCsEy8nFcjRGJS/+sO YpRFKwwTVuue5ifEzqgxnAmelfqoxoWx CR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp 7IqOR1tMosJ0RNWO96s3F/7xeasIbP+ MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe 2thI2poszYbEo2BG/15XXSrlU9t+o1ry r12zyOIpzBOVyCB9dQh3toQAsYIDzDK7 w5j86L8+58LFsLTj5zCn/gfP4AfCGMtg ==</latexit><latexit sha1_ba se64="bGronyvkxiOrftIdMcDlRYPusy M=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69 LBbBU0mKoMeiF48t2A9oQ9lsJ+3azSbs boQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3 w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR +fikreNUMWyxWMSqG1CNgktsGW4EdhO FNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CF n1FipWRuUK27VXYCsEy8nFcjRGJS/+sO YpRFKwwTVuue5ifEzqgxnAmelfqoxoWx CR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp 7IqOR1tMosJ0RNWO96s3F/7xeasIbP+ MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe 2thI2poszYbEo2BG/15XXSrlU9t+o1ry r12zyOIpzBOVyCB9dQh3toQAsYIDzDK7 w5j86L8+58LFsLTj5zCn/gfP4AfCGMtg ==</latexit>
1
<latexit sha1_base64="l9eImvYcFOKpzEDji/n9jPDeWb8=">AAAB6HicbV BNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMW yxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKm mE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12 zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Aep2MtQ==</latexit><latexit sha1_base64="l9eImvYcFOKpzEDji/n9jPDeWb8=">AAAB6HicbV BNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMW yxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKm mE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12 zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Aep2MtQ==</latexit><latexit sha1_base64="l9eImvYcFOKpzEDji/n9jPDeWb8=">AAAB6HicbV BNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMW yxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKm mE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12 zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Aep2MtQ==</latexit><latexit sha1_base64="l9eImvYcFOKpzEDji/n9jPDeWb8=">AAAB6HicbV BNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMW yxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKm mE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12 zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Aep2MtQ==</latexit>
2
<latexit sha1_base64="bGronyvkx iOrftIdMcDlRYPusyM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMe iF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBF cG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAo EdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWRuUK27VXYCsEy8nFcjRGJS/+sO YpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9K Qhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBk xtYQyxe2thI2poszYbEo2BG/15XXSrlU9t+o1ryr12zyOIpzBOVyCB9dQh3t oQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AfCGMtg==</latexit><latexit sha1_base64="bGronyvkx iOrftIdMcDlRYPusyM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMe iF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBF cG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAo EdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWRuUK27VXYCsEy8nFcjRGJS/+sO YpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9K Qhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBk xtYQyxe2thI2poszYbEo2BG/15XXSrlU9t+o1ryr12zyOIpzBOVyCB9dQh3t oQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AfCGMtg==</latexit><latexit sha1_base64="bGronyvkx iOrftIdMcDlRYPusyM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMe iF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBF cG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAo EdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWRuUK27VXYCsEy8nFcjRGJS/+sO YpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9K Qhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBk xtYQyxe2thI2poszYbEo2BG/15XXSrlU9t+o1ryr12zyOIpzBOVyCB9dQh3t oQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AfCGMtg==</latexit><latexit sha1_base64="bGronyvkx iOrftIdMcDlRYPusyM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMe iF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBF cG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAo EdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWRuUK27VXYCsEy8nFcjRGJS/+sO YpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9K Qhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBk xtYQyxe2thI2poszYbEo2BG/15XXSrlU9t+o1ryr12zyOIpzBOVyCB9dQh3t oQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AfCGMtg==</latexit>
! t
<latexit sha1_base64="9CXGs1FSsDmC114HPWg Mgl221+4=">AAAB8HicbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevEYwcRIdgmzk95kyDyWmVkhLPkKLx4 U8ernePNvnCR70MSChqKqm+6uOOXMWN//9korq2vrG+XNytb2zu5edf+gbVSmKbSo4kp3YmKAMwktyyyHT qqBiJjDQzy6mfoPT6ANU/LejlOIBBlIljBKrJMeQyVgQMIz26vW/Lo/A14mQUFqqECzV/0K+4pmAqSlnBj TDfzURjnRllEOk0qYGUgJHZEBdB2VRICJ8tnBE3zilD5OlHYlLZ6pvydyIowZi9h1CmKHZtGbiv953cwmV 1HOZJpZkHS+KMk4tgpPv8d9poFaPnaEUM3crZgOiSbUuowqLoRg8eVl0j6vB349uLuoNa6LOMroCB2jUxS gS9RAt6iJWogigZ7RK3rztPfivXsf89aSV8wcoj/wPn8AhSKQNQ==</latexit><latexit sha1_base64="9CXGs1FSsDmC114HPWg Mgl221+4=">AAAB8HicbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevEYwcRIdgmzk95kyDyWmVkhLPkKLx4 U8ernePNvnCR70MSChqKqm+6uOOXMWN//9korq2vrG+XNytb2zu5edf+gbVSmKbSo4kp3YmKAMwktyyyHT qqBiJjDQzy6mfoPT6ANU/LejlOIBBlIljBKrJMeQyVgQMIz26vW/Lo/A14mQUFqqECzV/0K+4pmAqSlnBj TDfzURjnRllEOk0qYGUgJHZEBdB2VRICJ8tnBE3zilD5OlHYlLZ6pvydyIowZi9h1CmKHZtGbiv953cwmV 1HOZJpZkHS+KMk4tgpPv8d9poFaPnaEUM3crZgOiSbUuowqLoRg8eVl0j6vB349uLuoNa6LOMroCB2jUxS gS9RAt6iJWogigZ7RK3rztPfivXsf89aSV8wcoj/wPn8AhSKQNQ==</latexit><latexit sha1_base64="9CXGs1FSsDmC114HPWg Mgl221+4=">AAAB8HicbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevEYwcRIdgmzk95kyDyWmVkhLPkKLx4 U8ernePNvnCR70MSChqKqm+6uOOXMWN//9korq2vrG+XNytb2zu5edf+gbVSmKbSo4kp3YmKAMwktyyyHT qqBiJjDQzy6mfoPT6ANU/LejlOIBBlIljBKrJMeQyVgQMIz26vW/Lo/A14mQUFqqECzV/0K+4pmAqSlnBj TDfzURjnRllEOk0qYGUgJHZEBdB2VRICJ8tnBE3zilD5OlHYlLZ6pvydyIowZi9h1CmKHZtGbiv953cwmV 1HOZJpZkHS+KMk4tgpPv8d9poFaPnaEUM3crZgOiSbUuowqLoRg8eVl0j6vB349uLuoNa6LOMroCB2jUxS gS9RAt6iJWogigZ7RK3rztPfivXsf89aSV8wcoj/wPn8AhSKQNQ==</latexit><latexit sha1_base64="9CXGs1FSsDmC114HPWg Mgl221+4=">AAAB8HicbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevEYwcRIdgmzk95kyDyWmVkhLPkKLx4 U8ernePNvnCR70MSChqKqm+6uOOXMWN//9korq2vrG+XNytb2zu5edf+gbVSmKbSo4kp3YmKAMwktyyyHT qqBiJjDQzy6mfoPT6ANU/LejlOIBBlIljBKrJMeQyVgQMIz26vW/Lo/A14mQUFqqECzV/0K+4pmAqSlnBj TDfzURjnRllEOk0qYGUgJHZEBdB2VRICJ8tnBE3zilD5OlHYlLZ6pvydyIowZi9h1CmKHZtGbiv953cwmV 1HOZJpZkHS+KMk4tgpPv8d9poFaPnaEUM3crZgOiSbUuowqLoRg8eVl0j6vB349uLuoNa6LOMroCB2jUxS gS9RAt6iJWogigZ7RK3rztPfivXsf89aSV8wcoj/wPn8AhSKQNQ==</latexit>
O
<latexit sha1_base6 4="UaeGPGlSTEcc6/SnXGnxtlHbwMU=">AAA B6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GP RizdbsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+ SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc 2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZf YNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6J DyUPOqLFS475frrhVdw6ySrycVCBHvV/+6g1 ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWL XUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+ iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmAp iYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELz ll1dJ66LquVWvcVmp3eRxFOEETuEcPLiCGtx BHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/M HqBWM0w==</latexit><latexit sha1_base6 4="UaeGPGlSTEcc6/SnXGnxtlHbwMU=">AAA B6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GP RizdbsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+ SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc 2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZf YNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6J DyUPOqLFS475frrhVdw6ySrycVCBHvV/+6g1 ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWL XUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+ iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmAp iYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELz ll1dJ66LquVWvcVmp3eRxFOEETuEcPLiCGtx BHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/M HqBWM0w==</latexit><latexit sha1_base6 4="UaeGPGlSTEcc6/SnXGnxtlHbwMU=">AAA B6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GP RizdbsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+ SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc 2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZf YNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6J DyUPOqLFS475frrhVdw6ySrycVCBHvV/+6g1 ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWL XUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+ iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmAp iYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELz ll1dJ66LquVWvcVmp3eRxFOEETuEcPLiCGtx BHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/M HqBWM0w==</latexit><latexit sha1_base6 4="UaeGPGlSTEcc6/SnXGnxtlHbwMU=">AAA B6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GP RizdbsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+ SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc 2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZf YNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6J DyUPOqLFS475frrhVdw6ySrycVCBHvV/+6g1 ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWL XUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+ iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmAp iYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELz ll1dJ66LquVWvcVmp3eRxFOEETuEcPLiCGtx BHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/M HqBWM0w==</latexit> O0
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Figure 2: Sketch of the proposed experimental protocol. The
two objects lie on two parallel planes whose relative distance
varies in time with a constant velocity v. The object A is
at rest while B rotates with an uniform angular velocity ω
around the center of the segment joining the positions asso-
ciated with its two internal states.
of each object is x0; 3) The line joining the midpoints
of the center of mass of each body is perpendicular to
the planes; 4) The inter-plane distance reduces at con-
stant rate v, i.e. it follows the law L− vt; 5) The object
B rotates on its plane with uniform angular velocity ω
around the midpoint of the segment passing through the
two states. Then, the state dependent distances become
d11(t) = d22(t) =
[
(L− vt)2 + x20 sin2(ωt/2)
]1/2
,
d12(t) = d21(t) =
[
(L− vt)2 + x20 cos2(ωt/2)
]1/2
. (9)
Said t∗ the optimal time at which φ(1) = 0 we have that,
if v, ω 6= 0 then φ(2)(t) 6= 0. In the left panel of Fig. 3 we
plot t∗ as function of v for different ω whereas in the right
one we show the behavior of the phase φ(2)(t∗) induced
by the sub-leading term ∝ d−2. As general result we
can see that φ(2)(t∗) increases decreasing v and/or ω and
tends to diverge when t∗ goes towards t¯ = L/v, i.e. when
the time in which φ(1) vanishes coincides with the time at
which the two physical objects collide. In fact, bringing
t∗ versus t¯ and reducing v and ω we maximize the total
integration time and we enter in a region of the space
in which the subleading term is more relevant. Notably
this protocol allows to measure the dynamical phase in
a much faster time interval than the one would get upon
keeping interparticle distances fixed. This is of utmost
relevance for any possible experimental realization. In-
deed decoherence effects or losses reduce, over time, the
coherent superposition in a statistical mixture in which
all entanglements vanish in any realistic device [47–49].
0 0.1 0.2
5
10
20
50
v
t*
5 10 20 50
-2
-1
0
t*
L
o
g
1
0
(
(2
) (
t*
))
t⇤
<latexit sha1_base64="1YFNCm/KfP9z/NpcgUOlgJfUHqo=">AAAB6nicbVBNS8NAEJ3U r1q/qh69LBZBPJREBD0WvXisaD+gjWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYw upn6rSeujYjVA44T7kd0oEQoGEUr3ePjWa9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZqRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+ 53VSDK/8TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0SjYEb/HlZdI8r3pu1bu7qNSu8ziKcATHcAoeXEINbqEODWAwgGd4hTdHOi/Ou/Mxby04+cwh/IHz+QP5aI2U</latexi t><latexit sha1_base64="1YFNCm/KfP9z/NpcgUOlgJfUHqo=">AAAB6nicbVBNS8NAEJ3U r1q/qh69LBZBPJREBD0WvXisaD+gjWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYw upn6rSeujYjVA44T7kd0oEQoGEUr3ePjWa9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZqRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+ 53VSDK/8TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0SjYEb/HlZdI8r3pu1bu7qNSu8ziKcATHcAoeXEINbqEODWAwgGd4hTdHOi/Ou/Mxby04+cwh/IHz+QP5aI2U</latexi t><latexit sha1_base64="1YFNCm/KfP9z/NpcgUOlgJfUHqo=">AAAB6nicbVBNS8NAEJ3U r1q/qh69LBZBPJREBD0WvXisaD+gjWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYw upn6rSeujYjVA44T7kd0oEQoGEUr3ePjWa9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZqRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+ 53VSDK/8TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0SjYEb/HlZdI8r3pu1bu7qNSu8ziKcATHcAoeXEINbqEODWAwgGd4hTdHOi/Ou/Mxby04+cwh/IHz+QP5aI2U</latexi t><latexit sha1_base64="1YFNCm/KfP9z/NpcgUOlgJfUHqo=">AAAB6nicbVBNS8NAEJ3U r1q/qh69LBZBPJREBD0WvXisaD+gjWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYw upn6rSeujYjVA44T7kd0oEQoGEUr3ePjWa9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZqRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+ 53VSDK/8TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0SjYEb/HlZdI8r3pu1bu7qNSu8ziKcATHcAoeXEINbqEODWAwgGd4hTdHOi/Ou/Mxby04+cwh/IHz+QP5aI2U</latexi t>
v
<latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2 lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm //GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoP x/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYU DamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwF XyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58L FsLTj5zCn/gfP4A4zGM+g==</latexit><latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2 lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm //GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoP x/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYU DamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwF XyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58L FsLTj5zCn/gfP4A4zGM+g==</latexit><latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2 lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm //GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoP x/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYU DamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwF XyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58L FsLTj5zCn/gfP4A4zGM+g==</latexit><latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2 lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm //GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoP x/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYU DamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwF XyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58L FsLTj5zCn/gfP4A4zGM+g==</latexit>
t⇤ <latexit sha1_base64="1YFNCm/KfP9z/NpcgUOlgJfUHqo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBPJREBD0WvXisaD+gjWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rSeujYjVA44T7kd0oEQoGEUr3ePjWa9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZqRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/8TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0SjYEb/HlZdI8r3pu1bu7qNSu8ziKcATHcAoeXEINbqEODWAwgGd4hTdHOi/Ou/Mxby04+cwh/IHz+QP5aI2U</latexit><latexit sha1_base64="1YFNCm/KfP9z/NpcgUOlgJfUHqo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBPJREBD0WvXisaD+gjWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rSeujYjVA44T7kd0oEQoGEUr3ePjWa9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZqRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/8TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0SjYEb/HlZdI8r3pu1bu7qNSu8ziKcATHcAoeXEINbqEODWAwgGd4hTdHOi/Ou/Mxby04+cwh/IHz+QP5aI2U</latexit><latexit sha1_base64="1YFNCm/KfP9z/NpcgUOlgJfUHqo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBPJREBD0WvXisaD+gjWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rSeujYjVA44T7kd0oEQoGEUr3ePjWa9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZqRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/8TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0SjYEb/HlZdI8r3pu1bu7qNSu8ziKcATHcAoeXEINbqEODWAwgGd4hTdHOi/Ou/Mxby04+cwh/IHz+QP5aI2U</latexit><latexit sha1_base64="1YFNCm/KfP9z/NpcgUOlgJfUHqo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBPJREBD0WvXisaD+gjWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rSeujYjVA44T7kd0oEQoGEUr3ePjWa9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZqRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/8TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0SjYEb/HlZdI8r3pu1bu7qNSu8ziKcATHcAoeXEINbqEODWAwgGd4hTdHOi/Ou/Mxby04+cwh/IHz+QP5aI2U</latexit>
lo
g
1
0
⇣  (2
)
(t
⇤ )
⌘
<latexit sha1_base64="4OxT+ifufj+KeHwY2PukfD65LO8=">AAACD3icbVDLSsNAFJ34rPUVdelmsCipi5IUQZdFNy4r2Ac0bZhMJ+3QyYOZG6GE/oEbf8WNC0XcunXn3zhts9DWAxcO59zLvff4ieAKbPvbWFldW9/YLGwVt3d29/bNg8OmilNJWYPGIpZtnygmeMQawEGwdiIZCX3BWv7oZuq3HphUPI7uYZywbkgGEQ84JaAlzzxzRTzwMseeuIIFYLnJkPcyq1qeWNA7L2NX8sEQyp5Zsiv2DHiZODkpoRx1z/xy+zFNQxYBFUSpjmMn0M2IBE4FmxTdVLGE0BEZsI6mEQmZ6mazfyb4VCt9HMRSVwR4pv6eyEio1Dj0dWdIYKgWvan4n9dJIbjqZjxKUmARnS8KUoEhxtNwcJ9LRkGMNSFUcn0rpkMiCQUdYVGH4Cy+vEya1YpjV5y7i1LtOo+jgI7RCbKQgy5RDd2iOmogih7RM3pFb8aT8WK8Gx/z1hUjnzlCf2B8/gDGe5sy</latexit><latexit sha1_base64="4OxT+ifufj+KeHwY2PukfD65LO8=">AAACD3icbVDLSsNAFJ34rPUVdelmsCipi5IUQZdFNy4r2Ac0bZhMJ+3QyYOZG6GE/oEbf8WNC0XcunXn3zhts9DWAxcO59zLvff4ieAKbPvbWFldW9/YLGwVt3d29/bNg8OmilNJWYPGIpZtnygmeMQawEGwdiIZCX3BWv7oZuq3HphUPI7uYZywbkgGEQ84JaAlzzxzRTzwMseeuIIFYLnJkPcyq1qeWNA7L2NX8sEQyp5Zsiv2DHiZODkpoRx1z/xy+zFNQxYBFUSpjmMn0M2IBE4FmxTdVLGE0BEZsI6mEQmZ6mazfyb4VCt9HMRSVwR4pv6eyEio1Dj0dWdIYKgWvan4n9dJIbjqZjxKUmARnS8KUoEhxtNwcJ9LRkGMNSFUcn0rpkMiCQUdYVGH4Cy+vEya1YpjV5y7i1LtOo+jgI7RCbKQgy5RDd2iOmogih7RM3pFb8aT8WK8Gx/z1hUjnzlCf2B8/gDGe5sy</latexit><latexit sha1_base64="4OxT+ifufj+KeHwY2PukfD65LO8=">AAACD3icbVDLSsNAFJ34rPUVdelmsCipi5IUQZdFNy4r2Ac0bZhMJ+3QyYOZG6GE/oEbf8WNC0XcunXn3zhts9DWAxcO59zLvff4ieAKbPvbWFldW9/YLGwVt3d29/bNg8OmilNJWYPGIpZtnygmeMQawEGwdiIZCX3BWv7oZuq3HphUPI7uYZywbkgGEQ84JaAlzzxzRTzwMseeuIIFYLnJkPcyq1qeWNA7L2NX8sEQyp5Zsiv2DHiZODkpoRx1z/xy+zFNQxYBFUSpjmMn0M2IBE4FmxTdVLGE0BEZsI6mEQmZ6mazfyb4VCt9HMRSVwR4pv6eyEio1Dj0dWdIYKgWvan4n9dJIbjqZjxKUmARnS8KUoEhxtNwcJ9LRkGMNSFUcn0rpkMiCQUdYVGH4Cy+vEya1YpjV5y7i1LtOo+jgI7RCbKQgy5RDd2iOmogih7RM3pFb8aT8WK8Gx/z1hUjnzlCf2B8/gDGe5sy</latexit><latexit sha1_base64="4OxT+ifufj+KeHwY2PukfD65LO8=">AAACD3icbVDLSsNAFJ34rPUVdelmsCipi5IUQZdFNy4r2Ac0bZhMJ+3QyYOZG6GE/oEbf8WNC0XcunXn3zhts9DWAxcO59zLvff4ieAKbPvbWFldW9/YLGwVt3d29/bNg8OmilNJWYPGIpZtnygmeMQawEGwdiIZCX3BWv7oZuq3HphUPI7uYZywbkgGEQ84JaAlzzxzRTzwMseeuIIFYLnJkPcyq1qeWNA7L2NX8sEQyp5Zsiv2DHiZODkpoRx1z/xy+zFNQxYBFUSpjmMn0M2IBE4FmxTdVLGE0BEZsI6mEQmZ6mazfyb4VCt9HMRSVwR4pv6eyEio1Dj0dWdIYKgWvan4n9dJIbjqZjxKUmARnS8KUoEhxtNwcJ9LRkGMNSFUcn0rpkMiCQUdYVGH4Cy+vEya1YpjV5y7i1LtOo+jgI7RCbKQgy5RDd2iOmogih7RM3pFb8aT8WK8Gx/z1hUjnzlCf2B8/gDGe5sy</latexit>
Figure 3: Optimal time t∗ and dynamical phase φ(2)(t∗). (a):
t∗ as function of the velocity v for different values of ω. (b):
log10 φ
(2)(t∗) for the t∗ evaluated in the left plot for several
value of ω. For both plots we set: ω = 0.05 (red solid);
ω = 0.1 (blue dotted line); ω = 0.2 (green dashed line);
ω = 0.3 (brown dot-dashed line); ω = 0.4 (magenta dot-
dot-dashed line). The black line in the left figure displays the
time t¯ = L/v in which the two physical objects collide. The
gray vertical grid lines in the right plots indicate, for each
ω the time at which t∗ = t¯. In the numerical simulation we
assumed δx0 = 0.1L and we normalized all quantities in such
a way that c2 = 1.
We notice that this protocol applies well to both gravi-
tational and electromagnetic interactions, i.e. to mass or
charge/current distributions. Rotations of internal states
can be performed by using external magnetic (e.g. in di-
amonds nanocrystals) or electric fields (Rydberg atoms)
in the cited experimental setups [45].
In this letter we proved that for every non-constant
potential generating entanglement between two particles,
one has to associate a quantized description of such in-
teraction. The proof is based on a holonomic constraint
that must be satisfied at any time t if the mediating field
were classical for it not to generate entanglement. This
requirement, however, would rule out all non-trivial in-
teractions. The scheme discussed in the first part can be
easily generalized to include more complex dependence of
the potential on the relative distance or state-dependent
interactions. We have also shown how it is possible to
measure the various terms of a multipole-like Laurent
expansion of an interaction potential via the measure-
ment of the entanglement between the two objects. This
scheme is based on a proper manipulation of spatial and
internal degrees of freedom of a two-body system during
the interaction time. From a fundamental perspective,
the results presented in this letter were obtained in the
non-relativistic limit and for a flat space-time. Going
beyond these limitations would not alter the general pic-
ture that we presented here, and they will be considered
in future works.
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